The observation of quantum-dot resonance fluorescence enabled a new solid-state approach to generating single photons with a bandwidth approaching the natural linewidth of a quantum-dot transition. Here, we operate in the small Rabi frequency limit of resonance fluorescence-the Heitler regime-to generate subnatural linewidth and high-coherence quantum light from a single quantum dot. The measured single-photon coherence is 30 times longer than the lifetime of the quantum-dot transition, and the single photons exhibit a linewidth which is inherited from the excitation laser. In contrast, intensity-correlation measurements reveal that this photon source maintains a high degree of antibunching behavior on the order of the transition lifetime with vanishing two-photon scattering probability. Generating decoherence-free phase-locked single photons from multiple quantum systems will be feasible with our approach. DOI: 10.1103/PhysRevLett.108.093602 PACS numbers: 87.64.kv, 03.67.Àa, 42.50.Ar, 81.07.Ta Numerous proposals in quantum information science ranging from distributed entanglement generation to interfacing disparate qubits rely on single-photon generation from state-selective optical transitions [1] [2] [3] [4] . The full quantum description of the resonant interaction of a two-level system with light is captured in the statistical and spectral properties of the scattered light. Shortly after a number of theoretical investigations [5] [6] [7] , quantum effects were observed in the spectra and photon correlations of atomic-beam resonance fluorescence (RF) [8] [9] [10] . RF is now routinely employed in optical investigations of atomic gases, single trapped ions, and atoms [11] . In the large Rabi frequency limit, the RF spectrum develops into the Mollow triplet [5] . In this regime, the generated photons are antibunched on the time scale of the excited-state lifetime, they bear no phase relation to the excitation field, and their coherence is constrained to the antibunching time scale. Conversely, in the small Rabi frequency limit, two otherwise independent processes of absorption and emission become a single coherent event. In such a process, the scattered photon spectrum replicates the excitation field exhibiting comparable first-order optical coherence. The same scattered field also displays strong antibunching in photon correlation measurements. This phenomenon, known as the Heitler effect [12] , has been demonstrated in trapped ions using heterodyning [13] and spectral measurement [14, 15] techniques.
Numerous proposals in quantum information science ranging from distributed entanglement generation to interfacing disparate qubits rely on single-photon generation from state-selective optical transitions [1] [2] [3] [4] . The full quantum description of the resonant interaction of a two-level system with light is captured in the statistical and spectral properties of the scattered light. Shortly after a number of theoretical investigations [5] [6] [7] , quantum effects were observed in the spectra and photon correlations of atomic-beam resonance fluorescence (RF) [8] [9] [10] . RF is now routinely employed in optical investigations of atomic gases, single trapped ions, and atoms [11] . In the large Rabi frequency limit, the RF spectrum develops into the Mollow triplet [5] . In this regime, the generated photons are antibunched on the time scale of the excited-state lifetime, they bear no phase relation to the excitation field, and their coherence is constrained to the antibunching time scale. Conversely, in the small Rabi frequency limit, two otherwise independent processes of absorption and emission become a single coherent event. In such a process, the scattered photon spectrum replicates the excitation field exhibiting comparable first-order optical coherence. The same scattered field also displays strong antibunching in photon correlation measurements. This phenomenon, known as the Heitler effect [12] , has been demonstrated in trapped ions using heterodyning [13] and spectral measurement [14, 15] techniques.
RF has only recently been observed from solid-state emitters, such as dye molecules [16] and self-assembled quantum dots (QDs) [17] [18] [19] [20] . The strictly resonant excitation was shown to minimize photonic decoherence when compared to nonresonant excitation [21] [22] [23] [24] [25] approaching the radiative lifetime limit. Further, taking advantage of the spin-selective QD transitions, required for spin-based quantum information science [26] , QD RF allowed detailed studies of spin dynamics [27, 28] , excitation-induced sideband broadening [29] , and the realization of singleshot spin readout [30] . Surprisingly, the limit of vanishing Rabi frequency in the resonant interaction has remained relatively unexplored for atoms, ions, and any single solidstate emitter [31] . The technical challenge to observe the elastically scattered photons is to suppress sufficiently the laser background and the incoherent component of RF. Here, we demonstrate that, in the limit of the Rabi frequency much smaller than the spontaneous emission ratethe Heitler regime [12] , the spectrum and the coherence properties of RF photons are liberated from the QD transition properties and are tailored predominantly by the excitation laser properties. In other words, a quantum dot generates single photons with laserlike coherence free from any dephasing processes affecting the QD light emission.
Our experimental arrangement constitutes a confocal microscope operating at 4 K where the combination of cross-polarization and confocal rejection of the collection fiber suppresses any residual laser by a factor of 10 7 with respect to the collected RF [32] . Figures 1(a) -1(d) present excitation power dependence of the integrated RF spectrum from a QD transition in order to quantify both the collection efficiency of our system and the fraction of residual laser background in the detected photons. In panel (a), the laser frequency is fixed and photodetection events are recorded (open circles) as a function of gate bias (the bias Stark shifts the QD transition). The fullwidth half-maximum (FWHM) of the Lorentzian curve fit to the data is 530 MHz in linear frequency for the excitation power at the saturation point. The inset displays the residual background for large detunings (dark bars) including the contribution of single-photon counting avalanche photodiode (APD) dark counts (yellow bars). In panels (b) and (c), the triangles display the total photodetection events per second on and off resonance, respectively, as a function of excitation power normalized to the saturation power. The solid curves represent the theoretically expected fits for the data in each panel. The dashed line indicates the mean dark count level. For an excitation power at the saturation point ( $ À= ffiffiffi 2 p , where denotes the Rabi frequency and À denotes the spontaneous emission rate) we collect approximately 1:25 Â 10 6 photons per second from RF into our single-mode optical fiber, while the laser and detector background contribute $0:084% of the total signal. With a detector quantum efficiency of approximately 24% we register 3 Â 10 5 detector clicks per second. The filled circles in panel (d) show the obtained ratio of the RF signal to total background (SBR) for each laser power along with the expected power dependence (solid curve). At a tenth of saturation, the residual laser contribution to the background falls below the dark count level limiting the SBR. This degree of RF collection already compares with that obtained from single trapped ions and will allow an increase of electron spin readout fidelity [30] to better than 99% within 30 À sec detection time.
The theoretically expected spectrum of RF in the presence of dephasing when the laser is exactly resonant can be given as [20] 
where Á is the detuning in linear frequency,T 1 andT 2 are lifetime and dephasing time, is the Rabi frequency. A, B, , and are
The first three terms of Eq. (1) , where the entire measured spectrum collapses to a Fabry-Perot cavity resolution-limited subnatural linewidth Lorentzian. Any residual incoherent component of RF in this regime is less than the detectable level within the spectral resolution and the signal-to-noise ratio of our measurements. We note that detuning the excitation laser from the QD transition provides another way of tuning the ratio of coherent to incoherent components increasing the coherent scattering component [32] . 
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093602-2 intensity-correlation function, which exhibits an oscillatory behavior in addition to strong antibunching [g 2 ð0Þ ¼ 0:01 AE 0:01 after deconvolution]. Antibunching is sustained fully on the time scale of the excited-state lifetime T 1 ¼ 760 ps for lower Rabi frequencies in panels (e) and (f). While the dramatic linewidth narrowing observed in panel (c) suggests the wave nature of light is maintained over time scales significantly beyond the excited-state lifetime, the intensity-correlation measurements dictate that the particlelike nature of the photons is preserved even in this regime.
To obtain a more precise value for the photon emission linewidth, we employ field-correlation measurements using a Michelson interferometer [32] . As a lower bound for single-photon coherence, the circles in Fig. 3(a) display the interference fringe visibility for QD emission under low power incoherent excitation. The resulting coherence time is $540 ps, which is substantially shorter than 1.52 ns-the theoretical upper limit of T 2 ¼ 2T 1 for the investigated QD-and is consistent with recent reports on the modest degree of two-photon interference from independent QDs [33, 34] . The dotted line in Fig. 3(a) represents the measured fringe visibility for the laser and limits the maximum attainable coherence time in our experiments to $50 ns. The squares display the fringe visibility for RF generated at $ 0:2À-the same condition as for Figs. 2(c) and 2(f) . The fit to Eq. (1) which includes both incoherent and coherent components sets the coherence time of the incoherent emission to, within the measurement uncertainty, 2T 1 . It also allows us to extract the fraction of incoherent to total scattering of $11%. For the coherent component on the other hand the fit yields a coherence time of 22 ns, or equivalently a linewidth of at most 7 MHz: this coherence time is at least 15 times longer than the theoretical limit of coherence for spontaneously emitted photons, where absorption and emission can be considered as two separate physical events. This is 30 times longer than (c) , respectively. In all the plots the data are superimposed by the theoretical prediction (continuous curves) convolved with the system response function [32] , while the dotted black lines indicate how our measurements would appear for an ideal system response. All plots display the ubiquitous antibunching behavior at zero time delay.
FIG. 3 (color online)
. First-order correlation measurement of QD RF. (a) The visibility of the interference fringes observed for RF for the laser excitation power corresponding to $ 0:22À (squares) and $ 0:17À (diamonds). The dotted line is the measured mean fringe visibility for the laser and marks the highest attainable coherence of the scattered photons. The first-order correlation measurement for incoherently generated photons (above GaAs band gap excitation) (circles) shows a coherence time of $540 À ps, while the RF displays a coherence time of $22 ns in the Heitler limit, i.e., $15 times longer than the antibunching time scale. The detailed description of the theoretical fits to the data (solid curves) can be found in the Supplemental Material [32] . the lifetime of the QD transition. The reported coherence time constitutes an upper bound on the coherence of individual photons as spectral wandering (few MHz) of the narrowband laser on the time scale of the measurement washes out the interference fringe contrast. At even lower excitation power [ $ 0:17À, data as diamonds in Fig. 3  (a) ] the incoherent fraction further reduces to $7%. In this regime the interference fringe visibility of RF after a delay of $2:6 ns is as high as 85% of that displayed by the coherent laser. Examples of measured interference fringes for $ 0:2À for two time delays are shown in Figs. 3(b)  and 3(c) .
These results reveal the counterintuitive nature of RF in the Heitler regime: The QD operates as a quantum converter of a weak coherent state into a coherent singlephoton stream. The photons arrive one at a time to our detection system, but are phase-correlated with each other and with the laser field from which they originated. In this regime, issues thought to be inherent in solid-state systems, such as spectral diffusion, modify the probability to scatter a photon, but do not cause photon decoherence due to the absence of an exciton interacting with the environment.
In this work we have demonstrated that a solid-state quantum emitter such as a single QD can generate single photons with bandwidth and coherence that are tailored by the excitation laser. Consequently, an immediate opportunity emerges where tunable and time-synchronized single photons can be generated from multiple QDs with neararbitrarily tailored spectral and phase properties using the same excitation laser. Photons generated in the Heitler regime from multiple sources will be phase-locked to the excitation laser and, hence, to each other. In contrast to using an ultrafast pulse to trigger an excited-state population [21, 22] for single photons, our approach lends itself to the use of nanosecond pulses where there is significant technical ease in controlling the amplitude and phase of the excitation field. Such custom-designed photonic states will facilitate high-fidelity photonic coupling between otherwise disparate quantum systems, such as spectrally distinct QDs and trapped ions [4] , as required for the realization of distributed hybrid quantum networks [1] .
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